We report that wall ingrowth deposition in phloem parenchyma (PP) transfer cells (TCs) 
INTRODUCTION 55 56
Transfer cells (TCs) play critical roles in membrane transport of solutes at various sites 57 within plants and between plants and their environment Offler et 58 al., 2003; McCurdy, 2015) . This transport capacity is conferred by wall protuberances which 59 extend into the cell lumen, hence called wall ingrowths. These ingrowths, considered to be 60 primary wall-like in composition (Vaughn et al., 2007) , are deposited secondarily on the 61 inner face of the primary cell wall and function to enhance the area of surrounding plasma 62 membrane, therefore increasing surface-to-volume ratio of the TC and consequently 63 promoting potential trans-membrane flux of solutes (Gunning et al., 1968; Gunning and Pate, 64 1974; Offler et al., 2003) . 65 TCs have been reported widely across the plant kingdom, from seedless plants, e.g., algae, 66 hornworts, mosses, etc., to gymnosperms and angiosperms, including both monocotyledons 67 and dicotyledons Pate and Gunning, 1972; Gunning, 1977; Offler 68 et al., 2003) . Across the plant kingdom, the occurrence of TCs is proposed to be an indicator 69 of anatomical locations where intensive transport occurs, however the existence of 70 bottlenecks in nutrient exchange does not always ensure development of TC morphology. 71
In Vicia faba seeds, for example, TCs develop in both maternal and filial interfaces whilst 72 they are present at just the filial site of Zea mays seeds and completely absent in seeds 73
of Phaseolus vulgaris (Offler et al., 2003) . Interestingly, many species lacking TCs under 74 normal growth conditions nonetheless have the capacity to produce these highly specialized 75 cells when abnormal stimuli or stress are applied; an example of this scenario is where iron 76 and phosphorous starvation bring about wall ingrowth formation in rhizodermal TCs of 77 tomato (Schikora and Schmidt, 2002) . A compilation of such sporadic but versatile and 78 widespread occurrences of TCs suggests that all plant species possess the genetic information 79 coding for their development, but this genetic competency may be repressed in some 80 circumstances (Gunning and Pate, 1974; Gunning, 1977) . This observation has raised a long-81 standing question of why and when a given tissue of a given species develops TCs with wall 82 ingrowths if its genome encodes capacity to do so. This question implies that specific signals 83 are required for TC development and thus response to these signals may vary depending on 84 the developmental context of the tissue or its exposure to specific biotic or abiotic stresses. 85 In Arabidopsis thaliana (Arabidopsis), phloem parenchyma (PP) cells in the minor vein 86 network of leaves (Haritatos et al., 2000) and sepals (Chen et al., 2012) can develop wall 87 ingrowths to become PP TCs. Wall ingrowths in these PP TCs are typically bulky and 88 predominantly abut sieve elements (SEs) and to a lesser extent companion cells (CCs) 89 (Haritatos et al., 2000; Amiard et al., 2007) . PP TCs have been assumed to facilitate the 90 efflux of photoassimilates into the apoplasm (Haritatos et al., 2000) , and support for this 91 notion was the recent discovery of SWEET11 and 12 effluxers in plasma membrane 92 putatively associated with wall ingrowths in these PP TCs (Chen et al., 2012) . 93
Previous studies of PP TCs in Arabidopsis veins have relied on using transmission 94 electron microscopy (TEM) since these cells are buried deep within vascular bundles (e.g., 95 Haritatos et al., 2000; Amiard et al., 2007; Maeda et al., 2006 Maeda et al., , 2008 . Recently, we used a 96 modified pseudo-Schiff-propidium iodide (mPS-PI) procedure for staining cell walls 97 (Truernit et al., 2008; Wuyts et al., 2010) to image wall ingrowth deposition in PP TCs by 98 confocal microscopy (Nguyen and McCurdy, 2015) . This procedure enables more extensive 99 and semi-quantitative assessment of PP TC development at the whole leaf level and across 100 rosette development compared to using TEM, and was used to assess, amongst other criteria, 101 the extent of wall ingrowth deposition in response to defoliation (Nguyen and McCurdy, 102 2015) . In surveying PP TCs across individual leaf and rosette development, we identified that 103 wall ingrowth deposition was highly abundant in early-emerged organs such as cotyledons 104 (Nguyen and McCurdy, 2015) and juvenile leaves, and was dramatically less so in later-105 emerged adult leaves. These observations led us to speculate that PP TC development, as 106 assessed by levels of wall ingrowth deposition, is specific to leaf identity. 107
Leaf identity is specified during shoot development through heteroblasty or vegetative 108 phase change (VPC), a phenomenon where plants progress from a juvenile, to transition, and 109 then an adult phase (Poethig, 1990; Kerstetter and Poethig, 1998) . The progression of phase 110 transition is mainly controlled by miR156-mediated repression of SQUAMOSA PROMOTER 111 BINDING PROTEIN LIKE (SPL) genes, with this class of SPL involved in promoting a 112 variety of adult traits . In addition, a small subset of VPC traits are 113 regulated by a second pathway, the trans-acting small interfering RNA (tasiRNA)/AUXIN 114 RESPONSE FACTOR (ARF/tasiARF)-dependent pathway (Hunter et al., 2006) . In this 115 study, we investigated the hypothesis that PP TC development is regulated by the same 116 genetic program, or elements thereof, that control VPC. We found that levels of miR156 117 across leaf maturation of both juvenile and adult leaves correlated strongly with PP TC 118 development, and conversely, levels of the miR156 target genes, namely SPL3, SPL9, 119 SPL10 and SPL15, showed a negative correlation with wall ingrowth deposition in PP TCs. 120 (Haritatos et al., 2000; McCurdy, 2015, 2016) . The striking differences in 239 PP TC development between juvenile and adult leaves at their maturity (Figs. 1, 2A , C, D, E, 240 G and H) imply differences in the trans-differentiation process of PP TCs in these leaves. 241
Therefore, we examined the process of PP TC development across leaf maturation from 242 expanding to fully expanded leaves. Our analysis of expanding leaves revealed that, 243 regardless of leaf identity, PP TC fate was not determined during the ontogeny of vascular 244 cells. Procambial cells, differentiating from the meristem, can follow either phloem or xylem 245 cell fates to form phloem or xylem cell precursors, respectively. Phloem cell precursors then 246 differentiate into SEs, CCs or PP cells (Fukuda, 2004; Schuetz et al., 2012) . Therefore, the 247 presence of SEs with distinct sieve plates can serve as an indicator of the differentiated state 248 of other phloem cells. As shown in Fig. 4A , B and C, PP cells in vascular bundles of early 249 expanding juvenile, transition and adult leaves are fully differentiated, similar to SEs with 250 characteristic sieve plates, but because their primary walls appear smooth, similar to 251 neighboring CCs, these PP cells have not formed papillate wall ingrowths. These expanding 252 leaves are normally less than 20% of their final size, therefore can be considered as immature 253
leaves. 254
Later in leaf development, PP cells express a second cell fate when they trans-differentiate 255 to become PP TCs. The initiation of this process is the same in expanding juvenile, transition 256 and adult leaves, as evidenced by the appearance of distinctive wall ingrowth material on the 257 inner surface of the primary cell wall adjacent to cells of the SE/CC complex ( Fig. 4A' , B' 258 and C'). However, the on-going process of building extensive networks of wall ingrowths 259 was strikingly different among leaf identities, with this process occurring very rapidly across 260 the maturation of juvenile leaves (Figs. 2A, E, I and 4D), but notably slower in transition 261 leaves and strikingly slower in adult leaves (Figs. 2C, D, G, H and 4D) . Significantly, we 262 observed no major differences in xylem development, as revealed by mPS-PI staining, 263 between mature juvenile, transition and adult leaves (Supplemental Fig. S4 We also examined heteroblastic development of PP TCs under short-day conditions, given 267 that the onset of abaxial trichomes, the marker of VPC, is delayed in short-day plants (Chien 268 and Sussex, 1996; Telfer et al., 1997) . By eight weeks, short-day Col-0 plants had produced 269 at least 34 visible leaves (n = 12) and had 13 or 14 juvenile leaves (n = 4), with these leaves 270 bearing no abaxial trichomes, having long petioles, smooth leaf margins and rounder leaf 271 blades (Supplemental Fig. S5A ; compare to Fig. 1A and Supplemental Fig. S2 ). Wall 272 ingrowth deposition in PP TCs also displayed juvenile characteristics in these leaves, namely 273 an increased abundance in leaves 7 and 10 compared to that in long-day grown plants, and 274 absence of a basipetal gradient of PP TC development in leaf 10 (Supplemental Fig. S5B) . Because our data to this point was consistent with the interpretation that wall ingrowth 281 deposition in PP TCs may be a component of the phase change program and hence 282 potentially under the same genetic control as VPC, we examined changes in the abundance of 283 the miR156 sRNA and expression of its target genes under the conditions where changes in 284 PP TC development were observed. miR156 levels were measured by stem-loop RT-qPCR in 285 representative juvenile (leaf 3 or 4), transition (leaf 7) and adult (leaf 11 or 12) leaves in 286 mature (32-day-old) Arabidopsis shoots. Consistent with previous reports showing that 287 miR156 levels at the whole shoot level decrease with shoot age Wu et al., 288 2009), our data showed that in mature shoots, concomitant with a decrease in PP TC 289 development (Fig. 5A ), miR156 levels decreased 1.7-and 2.2-fold in transition and adult 290 leaves, respectively, compared to that in juvenile leaves (Fig. 5B ). Concomitant with a 291 decline in miR156 abundance, the expression of several of its target genes, including SPL3, 292 SPL9, SPL10 and SPL15, increased consistently across the juvenile to adult transition, with 293
SPL15 showing the strongest response to decreased miR156 abundance (Fig. 5B ). An 294 increase in abundance across the juvenile to adult transition was also observed for miR172 295 (Fig. 5B) , a positive regulator of VPC (Fig. 5D ). SPL9 and 309 SPL15 expression showed an opposite pattern, that is, both transcripts were reduced in their 310 abundance from immature to mature status for both juvenile and adult leaves, with their 311 levels consistently lower in juvenile leaves compared to adult leaves at the same maturation 312 status of each leaf (Fig. 5D) . Interestingly, the most dramatic changes were again observed 313 for SPL15, with transcript levels of this gene decreasing by 55-fold across immature to 314 mature transition of juvenile leaf 11, and 5.7-fold across the same transition for adult leaf 11 315 (Fig. 5D ). SPL10 levels reduced across maturation of juvenile leaves but remained unchanged 316 across maturation of adult leaves, while SPL3 expression and miR172 abundance showed a 317 similar trend, namely being stable during maturation of juvenile leaves but increasing from 318 immature and intermediate to mature status in adult leaves (Fig. 5D) . Again, these 319 observations link temporal changes in wall ingrowth abundance in PP TCs to temporal 320 changes in molecular phenotype of known regulators of VPC, including miR156, SPL9 and 321 SPL15, during the maturation of individual leaves (Figs. 5C and D) . 322
Given the distinct distributions of PP TCs between the tip and base of adult leaves (Figs. 323 1, 2 and 5E), we next assessed the levels of miR156 and miR172 and the SPLs in these 324 regions. The apical third, and basal third (excluding the major vein), of leaf 11 were dissected 325 and subjected to expression analysis. There was a 1.4-fold increase in SPL3 levels but no 326 significant change in the abundance of miR156, miR172, SPL9 and SPL10. However, SPL15 327 expression was reduced by 3.1-fold in the apical third, compared to the basal third ( Fig. 5F ), a 328 finding which further strengthens the tight negative correlation observed for PP TC 329 development and SPL15 expression ( The strong correlation between PP TC development and miR156 abundance indicated a 336 role for miR156 in regulating PP TC development. Therefore, we next examined PP TC 337 development in Arabidopsis plant lines modified to have alterations in the miR156/SPL 338 expression module. Numerous plant lines harboring mutations in the miRNA pathway, 339
including hasty (Telfer and Poethig, 1998) , squint (sqn) (Berardini et al., 2001) , serrate 340 (Clarke et al., 1999) and hyponastic leaves1 (Lu and Fedoroff, 2000) , have a shortened 341 juvenile phase attributed to decreased miR156 abundance (Park et al., 2005; Lobbes et al., 342 2006; Li et al., 2012) or its activity (Smith et al., 2009) . Additionally, some of these mutants 343 also display altered reproductive competence and/or flowering time (Telfer and Poethig, 344 1998; Lu and Fedoroff, 2000) . Several vegetative phase-specific traits are affected by floral 345 induction (Willmann and Poethig, 2011) , and it can be highly challenging in some instances 346 Table S1 ) and elongated 380 blade (Supplemental Fig. S7D ). PP TC development in minor veins of 35S::MIM156 plants 381 was significantly reduced compared to leaf 5 of Col-0 plants at the same developmental stage 382 (Fig. 6A) , with this difference being more pronounced in the basal half of these leaves (Fig.  383   6A) . 384
Overexpression of the miR156 precursor transcript greatly elevates miR156 levels and 385 prolongs the juvenile phase of 35S::MIR156a plants, as evidenced by production of 386 significantly more leaves displaying juvenile traits, including a lack of abaxial trichomes, 387 long petioles and round and small sized leaf blades (Schwab et al., 2005; Wu and Poethig, 388 2006) . Leaf 10 of 35-day-old 35S::MIR156a plants ( Wu and Poethig, 2006) , showed typical 389 juvenile characteristics, whereas leaf 10 of 35-day-old Col-0 plants exhibited adult 390 morphology (Supplemental Fig. S7E ). In agreement with extensive wall ingrowth deposition 391 signifying juvenile identity, we found a significant increase in PP TC development in veins of 392 leaf 10 from 35S::MIR156a plants compared to that of Col-0, with this difference being most 393 obvious in the basal half of the assessed leaves (Fig. 6A) . 394
Levels of miR156 and its SPL targets have previously been measured in sqn-1 and sqn-6 395 mutants as well as 35S::MIM156 and 35S::MIR156a plants, however these measurements 396 were made using whole seedlings and/or inflorescence tissues (Franco-Zorrilla et al., 2007; 397 Smith et al., 2009) Usami et al. (2009) , our data showed no 403 significant change in miR156 levels in the sqn-6 mutant compared to Col-0, but SPL3, SPL9 404 and SPL15 levels were elevated 2.4-, 2.6-and 4-fold, respectively, in leaf 5 of 30-day-old 405 sqn-6 plants (Fig. 6B ). This finding implies that the sqn mutation had major effects on 406 miR156 activity, rather than influencing the level of this sRNA (Smith et al., 2009 ). The 407 miR156 target-site mimic caused a 2.6-fold reduction in miR156 levels in leaf 5 of 408 35S::MIM156 compared to the same leaf of Col-0 plants, and we subsequently demonstrate 409 that this reduction in miR156 abundance led to significant increases in levels of all examined 410
SPLs, and miR172 abundance. Again, the most dramatic change was observed for SPL15 411 expression (7.4-fold increase) (Fig. 6B ). These changes are in agreement with the appearance 412 of precocious adult features observed in PP TC development. The increase in miR156 413 abundance and corresponding decrease in miR172 and SPL levels in leaf 10 of 414 35S::MIR156a plants overexpressing miR156 (Fig. 6B) is consistent with the juvenilized 415 phenotype of PP TC development seen in this leaf (Fig. 6A) ProSPL10:rSPL10 (rSPL10), respectively Wang et al., 2008) . PP TC 428 development was significantly decreased in leaf 5 of rSPL9 and rSPL10 plants, which display 429 precocious expression of all adult-specific leaf traits ). However, this was not 430 observed in rSPL3 plants compared to Col-0 (Fig. 7A) . We also examined PP TC abundance 431 in the gain-of-function mutant SPL15-1D, which has a C to T substitution in the miR156 432 target site of SPL15, which results in increased expression of SPL15 and hence a precocious 433 adult phenotype (Usami et al., 2009 involved in the tasiARF pathway, accelerate the appearance of adult traits without altering 453 total leaf number due to absence of effects on the length of the transition zone (Hunter et al., 454 2003; Peragine et al., 2004; Hunter et al., 2006) . We examined if these mutations also showed 455 altered heteroblastic development of PP TCs. Consistent with previous reports (Hunter et al., 456 2003; Peragine et al., 2004) , zip-2, rdr6-11 and sgs3-11 mutants exhibited precocious adult 457 vegetative traits such as an elongated and highly down-curled blade of leaves 1 and 2 in 15-458 day-old plants (Supplemental Fig. S8A ), and accelerated abaxial trichome production 459 (Supplemental Fig. S8B ). Leaf 5 of these mutants displayed precocious adult features in 460 several traits such as early appearance of abaxial trichomes, increased blade length-to-width 461 ratio and slightly down-curled blades, but were not altered in other traits including leaf 462 margin serration and blade base angle (data not shown). PP TC development in leaf 5 of these 463 mutants was also not significantly different from that in leaf 5 of Col-0 plants (Fig. 8A) , 464
suggesting that zip-2, rdr6-11 and sgs3-11 have little, to no effect on heteroblastic 465 development of PP TCs. This observation is consistent with a role for SPL9-group, but not 466 SPL3-group genes, in repressing PP TCs development, as we found that levels of SPL3 467 increased 2.9-and 1.5-fold in leaf 5 of zip-2 and sgs3-11, respectively, but levels of miR156, 468 SPL9 and SPL15 did not significantly change (Fig. 8B) . Hunter et al. (2006) In this study, we have documented the novel finding that PP TC development in 477
Arabidopsis leaf veins, as defined by the extent of wall ingrowth deposition, occurs across 478 shoot development in a manner reflecting heteroblasty (Fig. 1) , and that this process is under 479 control of the same genetic program regulating VPC. This conclusion is based on our 480 observations demonstrating that changes in PP TC development paralleled changes in leaf 481 abaxial trichomes and other well-defined phase-specific traits defining VPC in a predictable 482 and coordinated manner across normal shoot ontogeny (Figs. 1, 2) , as well as in conditions 483 where shoot progression through ontogeny was delayed as a consequence of defoliation (Fig.  484 3). Furthermore, wall ingrowth deposition in PP TCs was altered in mutants and genetically 485 modified plant lines having altered VPC, namely decreasing in abundance in mutants 486
showing precocious adult phenotypes and increasing in abundance in mutants displaying 487 juvenilized phenotypes (Figs. 6A and 7) . Finally, measurements of the expression of miR156 488 and its SPL targets, the key players in genetic pathways regulating VPC, showed strong 489 correlations, both positive and negative, respectively, between the abundance of these 490 transcripts and that of wall ingrowth deposition in PP TCs. In all cases, miR156 levels were 491 high in individual leaves where wall ingrowth deposition was abundant and low in conditions 492 where wall ingrowth deposition was reduced or less developed. Significantly, the reverse 493 correlation held true for the relationship between wall ingrowth abundance and levels of 494 SPL9, SPL10 and SPL15, and to a lesser extent SPL3 and miR172 (Figs. 5A-D, 6 and 8) . 495
Collectively, these observations suggest that extensive wall ingrowth deposition signifies 496 juvenile identity of leaves and that miR156, which is both necessary and sufficient for the 497 expression of juvenile traits , promotes wall ingrowth deposition in PP TCs 498 by repressing SPLs expression in the juvenile phase of shoot maturation. Importantly, the 499 absence of apparent differences in xylem development across leaves of different vegetative 500 phase identity ( Supplementary Fig. S4 ) supports the conclusion that the responses seen in PP 501 TC development represent a cell wall deposition event specifically reflecting leaf identity. 
Temporal Changes in miR156 and SPL Expression Identify SPLs as repressors of PP

503
TC development 504 505
In agreement with levels of miR156 being high in young seedlings and gradually 506 decreasing with plant age Xu et al. 2016a, b) , we found that in mature 507 shoots, juvenile leaves had significantly higher levels of miR156 compared to miR156 levels 508 in transition and adult leaves (Fig. 5B) . This result is also in agreement with miR156 levels 509 examined in leaves of Acacia colei , rice (Xie et al., 2006 (Xie et al., , 2012 and 510 soybean (Yoshikawa et al., 2013) . In individual leaves however, miR156 levels increased 511 during maturation of either juvenile or adult leaves (Fig. 5D) ; this finding implies that 512 miR156 levels in a given leaf, at a certain stage of development, is determined by both shoot 513 age, i.e., the node of the leaf in the rosette, and leaf age. 514
Such temporal changes in miR156 levels led to a corresponding change in the abundance 515 of the targeted SPLs ( Fig. 5B and D) . Changes in SPL9 and SPL15 expression, and to a lesser 516 extent SPL10, were opposite to those seen for PP TC development, during both shoot (Fig. 517 5A and B) and leaf ( Fig. 5C and D ) maturation, implying a repressive role for these SPLs in 518 temporally regulating PP TC development. SPL proteins are generally classified as 519 transcriptional activators, however, in several cases they can act as transcriptional repressors. 520
For example, SPL9 indirectly binds to the promoter of DIHYDROFLAVONOL REDUCTASE, 521 a key enzyme in anthocyanin biosynthesis, repressing its expression and consequently leading 522 to reduced anthocyanin accumulation (Gou et al., 2011) . SPL9 and SPL10 have also been 523 shown to directly bind to the transactivation domains of B-type ARABIDOPSIS RESPONSE 524 REGULATORs (ARRs), which encode transcriptional activators of the cytokinin signaling 525 pathway, thereby exerting a role in reducing the regenerative capacity of shoots (Zhang et al., 526 2015) . Schwarz et al. (2008) also postulated that SPL9 and SPL15 may negatively regulate 527 leaf maturation rate, consistent with our observation that levels of these two SPL transcripts 528 decreased over leaf maturation in both juvenile and adult leaves (Fig. 5D) . Collectively, these 529 observations are consistent with SPLs, especially SPL9 and SPL15, functioning as negative 530 regulators of PP TC development. 531 SPL9-group genes have also been shown to function in flowering time 532 Wu et al., 2009) , with SPL15 playing a more important role than other SPL genes under long-533 day conditions (Xu et al., 2016) . In addition, other components of the flowering pathways 534
including FLOWERING LOCUS C (FLC) and FLOWERING LOCUS T (FLT), also have 535 effects on VPC and leaf morphology, and these effects can be either flowering-dependent or -536 independent (Willman and Poethig, 2011). Deng et al. (2011) have shown that FLC exerts it 537 role in delaying the progression of VPC by binding to the promoter of SPL15 and thus repress 538 its expression. These observations collectively imply the existence of complex interactions 539 between vegetative and reproductive phase transitions that influence the development of 540 VPC-specific traits (Willman and Poethig, 2011) , and also suggest the possibility that 541 heteroblastic development of PP TCs could be affected by floral induction in addition to 542 vegetative maturation. However, our results showing reduced PP TC development in the sqn-543 6 mutant ( Fig. 6A; Supplementary Fig. S6 ), and that plants grown under short-day, non-544 photo-inductive conditions, displayed the same heteroblastic development compared to that 545 of abaxial trichomes (Supplemental Fig. S5 ), argues that PP TC development is tightly 546 coupled to VPC. These results, however, do not formally rule out a role for floral induction 547 on heteroblastic development of PP TCs, but this possibility, mediated by SPLs or other 548 factor(s) such as FLC, awaits further investigation. 549
Trans-differentiation of PP TCs and Shoot Regenerative Capacity -Possible 550
Connections via the miR156-SPL9 Module 551 552 553
The differentiation of PP TCs, like that for most TCs, occurs via trans-differentiation 554 (Offler et al., 2003; Nguyen and McCurdy, 2016) , which is defined as an irreversible 555 conversion of a differentiated cell type into another cell type with distinct functional and 556 morphological features (Okada, 1991) . The clear reduction in PP TC development in adult 557 leaves compared to juvenile leaves (Fig. 4) , implies that the capacity to trans-differentiate 558 into PP TCs is repressed in a majority of PP cells in adult leaves, particularly in cells at the 559 base of the leaf. Interestingly, the trans-differentiation capacity of Zinnia mesophyll cells into 560 tracheary elements was also shown to depend on the identity of leaves from which mesophyll 561 cells were isolated (Fukuda and Komamine, 1980) . When adult leaves of Zinnia plants were 562 used, the trans-differentiation of tracheary elements occurred on day 6 of culture with just 563 10% of isolated cells forming tracheary elements. In contrast, when juvenile leaves were 564 used, trans-differentiation was first observed on day 3 and the percentage reached 30% 565 (Fukuda and Komamine, 1980) . Collectively, these two examples of trans-differentiation, 566 namely PP TCs in Arabidopsis and tracheary elements in Zinnia, link shoot age and the 567 competency of differentiated cells to trans-differentiate to a new cell fate. 568
Recently, Zhang et al. (2015) demonstrated that in Arabidopsis and tobacco, the capacity 569 to regenerate shoots from explants of leaves progressively declined from juvenile to adult 570 leaves, and that this process is regulated by SPL9-group genes. Consistent with a role for 571 SPL9-group, but not SPL3-group genes in regulating shoot regeneration (Zhang et al., 2015) , 572 our data showed a stronger negative correlation between PP TC development and SPL9, 573 SPL10 and SPL15 expression, compared to the levels of the SPL3 transcript (Figs. 5, 7 and 574 8). SPL9-group genes exert their effects in repressing regenerative capacity of adult tissue by 575 directly inhibiting the transcriptional activity of a group of B-type ARR genes (Zhang et al., 576 2015) . Given the apparent correlation between trans-differentiation of PP TCs and shoot 577 regenerative capacity of leaves and a role for SPL9-group genes in regulating these processes, 578 investigating the cytokinin signaling pathways associated with B-type ARRs is a promising 579 avenue for future study of PP TC development in Arabidopsis. 580
Establishment of Heteroblastic Variations in PP TC Development as a Reference for PP 581
TC Study in Arabidopsis 582 583
Previous studies of PP TCs in Arabidopsis (Maeda et al., 2006 (Maeda et al., , 2008 Amiard et al., 2007 ) 584 typically examined fully expanded or so-called "mature" leaves, without awareness of the 585 heteroblastic aspects of PP TC development reported here. Consequently, in light of our 586 findings, it is imperative that comparisons in PP TC development in various experiments, 587 such as between control and treatment, or wild-type and mutants, need to be made in leaves 588 harvested from the same node on the shoot given the differences seen in PP TC development 589 even between successive leaves in the ecotypes assessed here (Fig. 1) . Furthermore, careful 590 analysis of the maturation status of individual leaves is an important consideration given that 591 wall ingrowth abundance increases with leaf maturation, with the degree of such increase 592 being different in individual leaf identities (Fig. 4) . Given these observations, it is preferable 593 to analyze PP TCs in mature leaves rather than developing leaves to minimize variations seen 594 in the on-going formation of wall ingrowth networks. If mature transition or adult leaves are 595 selected for assessment of PP TC development, the location of the vascular bundles within 596 the leaf also needs to be considered, since wall ingrowth abundance decreases from tip to 597 base in these leaves, and does so more dramatically in adult leaves (Figs. 1, 2C, D , G, H, K, L 598 and 5E). Furthermore, in a given PP TC, wall ingrowth abundance can also vary considerably 599 in different areas along the cell wall that abuts the SE/CC complex (e.g., Figs. 2A, C, E and 600 K). In this context, the robustness of the mPS-PI staining technique (Truernit et al., 2008) we 601 have applied for confocal imaging of wall ingrowth deposition in PP TCs represents a 602 substantially improved approach compared to ultrathin sectioning and TEM (Haritatos et al., 603 2000; Maeda et al., 2006 Maeda et al., , 2008 Amiard et al., 2007) . Using this approach, we have mapped 604 the distribution of PP TCs along the shoot axis (Fig. 1) 607  608 It is widely accepted that immature leaves are sink tissues whereas mature leaves function 609 as source organs delivering sugars to sinks via phloem loading (Turgeon 1989 (Turgeon , 2006 . 610
Reevaluating Physiological Role(s) of Wall Ingrowth Deposition in PP TCs
Therefore, an increase in PP TC abundance in mature leaves relative to that in immature 611 leaves was initially considered to support a role for wall ingrowths in PP TCs facilitating 612 phloem loading (Nguyen and McCurdy 2015) , as previously suggested by others (Haritatos et 613 al., 2000; Maeda et al., 2006) . However, the observations reported here show that PP TC 614 development in mature adult leaves is dramatically reduced compared to that in mature 615 juvenile leaves (Fig. 4) , although these leaves of both identities were fully expanded and 616 hence potentially acting as source organs. This observation implies that PP TC development 617 may not simply correlate with the source/sink status of leaves. This said, however, it is 618 unknown whether photosynthetic rate of a leaf, and hence phloem loading capacity of minor 619 veins, is similar between mature juvenile and mature adult leaves. In soybean, Yoshikawa et 620 al. (2013) showed that photosynthetic rates were comparable between juvenile leaves 1 and 2 621 and adult leaves 4 to 7, albeit for an unusual increase in leaf 3. In contrast, in rice (Asai et al. (Fig. 4) . Therefore, taken collectively, these observations call into question a primary 629 role for wall ingrowth deposition in PP TCs in influencing phloem loading capacity. 630
Several papers have suggested a role in pathogen defense for wall ingrowth deposition in 631 PP TCs. PP is often the primary target of phloem-feeding pathogens (Ding et al., 1998; Zhou 632 et al., 2002) , hence the bulky and highly localized deposition of wall ingrowths in PP TCs 633 adjacent to SEs may act as a physical barrier to impede systemic pathogen spread (Amiard et 634 al., 2007) . This possibility is supported by the observations that the extent of wall ingrowth 635 deposition in PP TCs can be triggered by the defence hormone jasmonic acid (Amiard et al., 636 2007; Demmig-Adams et al., 2013) , and that aphids, the major group of phloem-feeding 637 insects, activate jasmonic acid-mediated defence pathways (Louis et al., 2012) and stimulate 638 cell wall modifications (Divol et al., 2005) . In contrast to this result, wall ingrowth deposition 639 in CC TCs in pea leaf veins was not enhanced by exogenous methyl jasmonate, consistent 640 with these wall ingrowths serving a primary role in enhancing phloem loading capacity 641 (Wimmers and Turgeon, 1991; Amiard et al., 2007) . Interestingly, of the large number of 642 species showing TCs in collection phloem (either CC TCs, PP TCs or both), only about 3% 643 of this number have PP TCs alone . Of this small number, the two 644 species in which PP TCs are well documented, namely Plantago lagopus (Pate and Gunning, 645 1969) and Arabidopsis (Haritatos, 2000) , both display a rosette growth habit, with early 646 emerged leaves (juvenile leaves in the case of Arabidopsis) being in close contact with soil 647 and hence potentially prone to soil-borne bacterial and fungal infections. Consequently, the 648 massive levels of wall ingrowth deposition seen in PP TCs in mature juvenile leaves (this 649 study) and cotyledons of Arabidopsis (Nguyen and McCurdy, 2015) may provide a physical 650 means of defense against pathogen attack. 651
652
MATERIALS AND METHODS 653
Plant Materials, Growth and Growth Analysis 654
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (Col-0) was used as wild-type 655 reference for all mutants and transgenic lines. Col-0, Ler-0, Ws-2, spl9-4 (CS67866), spl15-1 656 (Usami et al., 2009) were kindly provided by H. Tsukaya. rSPL3, rSPL9 and rSLP10 661 (Zhang et al., 2015) were kind gifts from J-W. Wang and T.Q. Zhang. For all experiments, 662 seeds were sown directly onto pasteurized soil mix and stratified for three days in darkness at 663 4°C. Plants were then transferred to a growth cabinet with light supplied at 100-120 μmol m −2 664 sec −1 , 22°C day/18°C night, 16 h photoperiod. These long-day conditions were used in all 665 experiments, except for that presented in Supplemental Fig. S5 , where short-day conditions 666 (8 h photoperiod) were used. 667
Number of juvenile and adult leaves and total leaf number were counted at bolting stage of 668 plants. Abaxial trichomes were scored using a stereomicroscope at 3-4 weeks after planting 669 and/or before leaves were subjected to fixation for mPS-PI staining. Leaf blade length and 670 width, petiole length and blade base angle were measured in fully expanded leaves using 671
Defoliation assays 673
Leaves 1 and 2 of 10-day-old Col-0 plants were removed using fine scissors and leaf 674 removal was repeated at two-or three-day intervals until a total of 8 leaves were ablated. 675
Leaf 9 or 10 from control and defoliated plants at maturation status of development were 676 subjected to analyses of (i) PP TC development and (ii) phase-specific traits including abaxial 677 trichomes, blade length-to-width ratio, petiole-to-blade length ratio and blade base angle. 678
Defoliation experiments (n = 9, n = 10 and n = 12) were performed three times with the same 679 outcomes and thus representative data from a single experiment is presented.532 680 mPS-PI staining, confocal microscopy and PP/PP TC assays 681 mPS-PI staining of leaves was performed according to Nguyen and McCurdy (2015) . concentration) for at least three hours depending on leaf age. Cleared tissue was washed 685 extensively in water and stained in pseudo-Schiff propidium iodide (100 mM Na 2 S 2 O 5 , 0.15 686 N HCl with propidium iodide added to a final concentration of 100 µg/mL) for at least one 687 hour. Stained leaves were mounted in chloral hydrate (4 g chloral hydrate, 1 mL glycerol, 2 688 mL water). Confocal imaging of mPS-PI stained leaves was performed using an Olympus 689 FluoView FV1000 laser scanning confocal microscope. Imaging used 488 nm Argon-ion 690 laser excitation and emission wavelengths were collected at 522-622 nm. Semi-quantitative 691 analysis of PP TC development was performed as described in Nguyen and McCurdy (2015; 692 and see Supplementary Fig. S1 ). Diameters of PPs/PP TCs were measured using the scale bar 693 tool of the FV1000 confocal microscope. 694
Real-time quantitative RT-PCR 695
Real-time quantitative RT-PCR (RT-qPCR) with SYBR Green detection is described in 696 Supplemental Materials and Methods. In brief, total RNA extracted using TRIzol (Life 697 Technologies) from leaves at developmental stages corresponding to those of mPS-PI stained 698 leaves was subjected to RT-qPCR using a specific protocol for parallel quantification of 699 small and large RNA species (Speth and Laubinger, 2014) . miR156 and miR172 levels were 700 quantified relative to U6, while SPL expression was determined relative to two novel 701 reference genes, AT1G79810 (Peroxin 2) and AT2G20790 (clathrin adaptor complexes 702 medium subunit family protein). Expression stability of these controls was validated using 703 geNorm (Vandesomplele et al., 2002) and NormFinder (Andersen et al., 2004) algorithms. 704
The quantitative cycle (Cq) was determined using the Cy0 method (Guescini et al., 2008) amount of target transcript was related to that of internal controls using the Livak method 706 (Livak and Schmittgen, 2001) . A full description of these methods is provided in 707 Supplemental Materials and Methods. Primers used for RT-qPCR are listed in Supplemental 708 Table S2 . processing qPCR data using their Cy0 method and algorithms (Guescini et al., 2008) showed typical juvenile characteristics with extensive wall ingrowths, similar to that in juvenile 833 leaf 5 of Col-0. B, RT-qPCR analysis of transcripts isolated from leaves at the same 834 developmental stages as leaves subjected to mPS-PI staining and PP TC analysis as shown in A. 835
Relative abundance was set to 1 for leaf 5 of Col-0 for all transcripts. Data is mean ±SE across 836 four biological replicates. 837
